Synchronized akinete differentiation occurred following the transition from exponential to non-exponential (linear) growth, the major trigger being energy limitation. Young akinetes first accumulated cyanophycin, then developed a multilayered extracellular envelope and a thickened wall. The dry weight, chlorophyll a, glycogen and carbon contents of mature akinetes were greater than those of vegetative cells, while their contents of DNA, RNA, protein, phycocyanin and nitrogen were similar to those of vegetative cells. Akinetes were resistant to desiccation and low temperatures, but not to temperatures above the maximum for vegetative cell growth.
I N T R O D U C T I O N
Various cyanobacteria differentiate akinetes (spores) which serve as perennating structures (see Nichols & Carr, 1978) . The pattern of differentiation varies in different organisms. In Cylindrosperrnum licheniforme (Fischer & Wolk, 1976) , Anabaena cylindrica (Wolk, 1965) and other akinete-producing Anabaena strains , akinetes differentiate from cells immediately adjacent to heterocysts. In the Anabaena strains, chains of akinetes may be subsequently produced in which the youngest are furthest away from the heterocysts. In Nostoc strains (Bornet & Flahaut, 1888; Rippka et al., 1979) and in Anabaena doliolum (Tyagi, 1974 ) (which would be classified as a Nostoc strain by the criteria of Rippka et al., 1979) , akinetes first differentiate remote from heterocysts and young akinetes subsequently develop sequentially on either side of the first. Heterocysts may be involved in controlling akinete differentiation from vegetative cells (Fritsch, 1904 (Fritsch, , 1951 Wolk, 1965) and in A. cylindrica heterocysts appear to be a necessary prerequisite for akinete differentiation (Wolk, 1966) .
Environmental factors reported to induce akinete differentiation in cyanobacteria include low temperature, desiccation, added glutamate, NaCI, high concentrations of sulphate or nitrate, and the absence of combined nitrogen (see Wolk, 1965 , for a review of the early literature). None of these conditions were effective in promoting akinete differentiation in A kine te difleren tiat ion 275
Cyunophycin estimation. Cyanophycin was extracted from the pellet obtained by centrifuging disrupted
Carbon and nitrogen contents. A Hewlett Packard 185 CHN analyser was employed, and dry weights were Estimation ofDNA and RNA. These were measured by the diphenylamine and orcinol methods, respectively
Nitrogenuse activity. The acetylene reduction method of Stewart et al. (1967) was employed. Photofixation of COz. Duplicate samples taken from 5 ml of culture were centrifuged, washed and resuspended in 5 ml phosphate buffer (0.03 M, pH 7-5). NaH1*C03 (2.5 pCI, 0.4 pCi pmol-I) was added and the samples were incubated in the light for 15 min. The reaction was stopped by the addition of 0.1 ml formic acid. The samples were counted in a Nuclear Chicago gas flow counter and corrected for dark assimilation.
Heterocyst and akinete frequencies. At least 1000 cells were counted by light microscopy, and the frequencies of differentiated cells were expressed as a percentage of the total cell population. Mean interheterocyst or interakinete intervals were determined by scoring the number of vegetative cells occurring between at least 100 heterocysts or akinete sites. The positions of newly differentiating heterocysts or akinetes were scored in at least 100 existing interheterocyst intervals and expressed as the distance (percentage of total interval length) from the centre of the interval. Cell counts were performed on suitably diluted samples in a Neubauer counting chamber.
Electron microscopy. Unless otherwise stated the samples were fixed overnight in 3 % (v/v) glutaraldehyde in 0-1 M-cacodylate buffer (pH 74), post-fixed in 1 % (w/v> osmium tetroxide in the same buffer, dehydrated in a graded ethanol series and embedded in Spurr's resin. Sections were stained with uranyl acetate (2 %, w/v) and lead citrate. The material was examined using an AET model EM801 electron microscope.
Chemicals. All chemicals were of the purest grade commercially available. Rifampicin [3-(4-methylpiperazinyliminomethy1)-rifamycin SVI, 2-phenylethanol, ~~-7-azatryptophan, amyloglucosidase, glycogen and o-dianisidine dihydrochloride were obtained from Sigma, and glucose oxidase and horseradish peroxidase from Boehringer. 3-(3,4-Dichlorophenyl)-N,N'-dimethylurea (DCMU; from E. I. DuPont) was recrystallized twice before use, All other compounds were obtained from BDH. cells at 27000 g for 15 min (see Pigment analyses, above) and measured according to Simon (1973) . determined on the same samples.
(see Mann & Carr, 1974) .
R E S U L T S
Time course ofakinete diflerentiation. Nostoc 7524 grown on N, showed a short (approximately 30 h) period of exponential growth (doubling time 8.5 h), followed by a 100 h period of non-exponential growth (Fig. 1) .
The heterocyst frequency was constant at approximately 9 % during exponential growth, but as growth slowed down during the post-exponential phase, their differentiation ceased.
The heterocyst frequency then decreased to 4.5 %, and the mean interheterocyst interval increased from 11 to 23 cells ( Fig. 1) as vegetative cell numbers doubled in the period from 30 to 70 h.
The initiation of akinete differentiation, recognized by the intracellular accumulation of cyanophycin granules in particular vegetative cells, was first noted in the middle of the non-exponential phase of growth at 70 h ( Fig. 1 ) and numbers then increased steadily to approximately 60% of the total cell population when growth ceased at 130 h. The onset of akinete differentiation was well synchronized, occurring simultaneously in 77 % of the interheterocyst intervals.
Changes in macromolecular composition of the culture during akinete diflerentiation. Chlorophyll a, total protein, phycocyanin (Fig. l) , dry weight, and total nitrogen and carbon contents of the culture (Fig. 2) increased with culture density until the onset of akinete differentiation. Further increases in all parameters measured, except dry weight and total carbon, virtually ceased during the phase of akinete maturation (70 to 200 h).
Cyanophycin granules were first observed by light microscopy at 60 to 70 h, although quantitative estimations showed that accumulation commenced at 40 h when the culture was entering the non-exponential growth phase (Fig. 2) . Cyanophycin accumulation continued at a rapid rate for a further 30 h and then at a decreasing rate for 100 h during akinete maturation.
Changes in photosynthetic W02 Jixation and acetylene reduction during akinete dzflerentiation. Rates of photosynthetic C 0 2 fixation were highest (up to 300 nmol C fixed h-l ml-1) during exponential growth but then decreased (Fig. 3) , becoming constant at a rate (180 nmol h-l ml-I) similar to the rate of increase in total cellular carbon (210 nmol h-l ml-l) during akinete differentiation and maturation. The rate of acetylene reduction reached a maximum (40 nmol C2H, h-l ml-l) after 20 h and thereafter slowly decreased during non-exponential growth and akinete differentiation, becoming negligible as akinete maturation continued (Fig. 3) . Macromolecular composition of akinetes and vegetative cells. The most pronounced changes in cellular macromolecular composition during akinete differentiation were the 16-fold increase in glycogen and the %fold increase in cyanophycin content (Table 1 ). The total dry weight, carbon and chlorophyll a contents of the akinete were approximately double those of vegetative cells ; the nitrogen content increased by 17 yo, while the other components measured remained constant (Table 1) . On a dry weight basis, only cyanophycin and glycogen increased; carbon and chlorophyll a remained constant, and other components decreased. The sum of the protein, cyanophycin and nucleic acid contents of the vegetative cells (6.86 pg) accounts for 97% of the cell dry weight. In contrast, these macromolecules comprise only 49.5% of the akinete dry weight. The extra carbon content (3.3 pg) of the akinete accounts for a further 22 yo of the dry weight; the remaining 28 yo is at present unexplained.
Environmental factors which afect akinete diflerentiation. Akinete differentiation usually commenced when the culture density (A650) reached 2.0. On reducing the light intensity from the normal 8000 lx to 5000 lx, akinetes appeared at a lower culture density (A650 0.94); when the intensity was increased to 10000 Ix, exponential growth was prolonged and akinete differentiation was delayed until the culture density was 3.2 (Fig. 4) . Akinete differentiation was therefore not induced by limitation of inorganic nutrients at the normal culture density (A,,, 2.0 at 8000 lx), since, if it were, differentiation would have occurred at the same culture density even at higher light intensity. Under normal growth conditions, the akinetes did not germinate in the culture following maturation. When the light intensity was increased from 8000 to 11 000 lx following the completion of akinete differentiation, akinetes germinated in situ within the filaments, further indicating that inorganic nutrients were not limiting in the medium during differentiation. Exogenous sucrose (0.2 yo), like increased light intensity, prolonged the exponential growth phase of cultures incubated at 8000 lx (Fig. 4) and akinete (39 mg 1-l) was re-added to the last culture at 110 h ; the addition of a 10-fold excess gave similar results (not shown). Cultures grown in NO3-behaved like NH,+-grown cultures (not shown).
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differentiation then commenced at a higher culture density (A,,, 3.5). Neither acetate nor glucose (up to 0.5 yo) affected akinete differentiation (Fig. 4) . Unlike sucrose, neither of these compounds served as sole carbon source under photoheterotrophic growth conditions in the presence of When cultures growing exponentially (20 h after inoculation) on air/CO, (95 : 5, v/v) were changed to air, growth ceased and akinetes were not produced. Cultures which were entering the non-exponential phase of growth at the time (45 h) of a similar change of gas phase still produced akinetes at the same time as control cultures (air/CO,), while cultures which were changed to OJN, (21 :79, v/v) at 45 h did not produce akinetes. Thus, a continued, but limited, supply of carbon seems necessary for akinete differentiation.
On transferring exponentially growing Nostoc 7524 to phosphate-free medium, growth ceased after 80 h (Fig. 5) A kine te differen tiat ion 279 produced. The re-addition of phosphate led to a resumption of growth with akinete differentiation then beginning at the usual culture density at 8000 lx (Fig. 5) , even in the presence of a 10-fold excess of phosphate. When exponentially growing cultures of Nostoc 7524 were transferred to cell-free medium derived from old akinete-containing cultures, growth ceased after 48 h, cyanophycin accumulated in the vegetative cells, but akinetes were not produced. However, on adding phosphate to such cultures, vegetative cell growth resumed and akinetes again differentiated at the normal culture density; thus the cessation of growth in such media was due to phosphate limitation.
Exogenous sources of combined nitrogen (NO,-, NH,+ or glutamine) did not affect akinete development, since differentiation occurred in all cases at the normal culture density (AGs0 2.0) at 8000 lx. The time of akinete appearance, however, changed from approximately 70 h to 58 h in the presence of NO3-and NH,+ and to 43 h in the presence of glutamine, as the growth rates of the cultures were increased on combined nitrogen (Fig. 5) . The presence of combined nitrogen did not affect any cellular parameter measured except that neither N, fixation nor heterocyst differentiation occurred in the presence of NH,+.
Nitrogen starvation (replacement of N, by Ar) in the presence of COz stopped growth and cyanophycin production and arrested akinete formation, even in cultures which had commenced cyanophycin accumulation. Akinetes developed normally in cultures grown on NO,-in the same gas phase. Thus, akinete differentiation in Nostoc 7524 required the continued presence of a nitrogen source.
Eflect of inhibitors of macromolecular synthesis on akinete formation. On adding chloramphenicol (100 pg ml-l) to cultures entering non-exponential growth, growth immediately ceased and no akinetes differentiated although cyanophycin granules appeared, as Simon (1973) noted in Anabaena cylindrica. Rifampicin (5 pg ml-l), which inhibited RNA synthesis, also inhibited growth and akinete differentiation. Phenylethanol (0.075 yo, v/v) inhibited DNA synthesis as in other bacteria (Altenbern, 1968) , and growth ceased within 6 h of its addition; although cyanophycin continued to be synthesized, mature akinetes were not produced.
Spatial pattern of akinete diflerentiation in cultures grown on different nitrogen sources. At the onset of differentiation in N,-grown cultures, 42% of the first-formed akinetes developed exactly at the centre of the interheterocyst interval or within 5% (mean 1 cell) of the centre (Fig. 6a) ; 45% developed within 2 cells of the centre and 13 yo within 3 cells.
The positions of newly differentiating heterocysts relative to the centre of existing interheterocyst intervals showed a similar distribution during exponential growth (Fig. 6 b) . Similar spatial patterns of akinete (Fig. 6 c ) and heterocyst (Fig. 6 d ) differentiation occurred in cultures grown in the presence of NO,-; such cultures fixed N, at normal rates.
In the most common interheterocyst intervals (mean length 18 cells), akinetes developed only at a single site which was equidistant from the heterocysts (Table 2) . Consequently, at the onset of differentiation, most interakinete intervals were regular (Fig. 7a) with a mean length of 18 cells, and similar to the interheterocyst intervals at this stage of growth (Fig. 7 b) . However, about 15 yo of the akinete sites developed close together (mean interval 2 to 10 cells) within the same interheterocyst interval (Fig. 7a) ; these multiple sites were observed only in the longer intervals (Table 2 ). In most of these (mean length 25 5 3.8 cells), akinetes developed at two sites, each 9.3 & 2.2 cells from the nearest heterocyst and separated by about 6 vegetative cells. In longer interheterocyst intervals (3 1.4 & 4.2 cells) three akinete sites developed, with two of them each being 9.7 k 2-4 cells from the nearest heterocyst and separated by approximately 12 vegetative cells. The third site developed at the centre of this interakinete interval. Thus, akinetes always first developed at sites which were separated from the nearest heterocyst by 9 to 10 vegetative cells; akinete differentiation did not occur in interheterocyst intervals which were less than 18 cells in length ( Table 2) .
Within 10 h of the onset of differentiation, the regular akinete spatial pattern observed in the early stages had changed; new akinete sites developed between heterocysts and exist- ing akinetes, resulting in a decrease of the mean interakinete interval (Fig. 7c) . The proportion of interheterocyst intervals containing several akinete sites increased from 16 to 26 %, and akinetes also developed in 33 yo of the shorter intervals which previously did not contain akinetes. The increase in the number of akinete sites (from 40 to 58 per 1000 cells), together with an increase in the mean number of akinetes per site (from 1.3 to 2-0), caused the akinete frequency to increase from 5 to 12%. The final akinete frequency (60%) was achieved mostly by further increase in the number of akinetes at each site as new akinetes differentiated successively on either side of the first, forming gradients of maturity with the oldest akinete in the centre of the chain (Fig. 9b) .
In cultures grown on Ar/C02 (95: 5, v/v) plus NO,-, heterocyst (Fig. 8 a) and akinete ( Fig. 8b ) spatial patterns were similar to those observed in N,-grown cultures (Fig. 6) . Cultures grown on NH,+ did not produce heterocysts. Akinetes, however, developed, but in an altered spatial pattern in which the interakinete intervals were irregular ( Fig. 7 4 and reduced from a mean of 18.0 to 8.2 cells; the number of akinete sites which appeared at the onset of differentiation was increased from 40 to 123 per 1000 vegetative cells.
Eflect of Wilcox (1973) observed, 7-azatryptophan (10 mg I-l) altered the pattern of heterocyst spacing during exponential growth, with up to 5 heterocysts occurring in chains. Of the newly differentiating heterocysts, 38 yo arose at sites more than 15 yo from the centre of existing interheterocyst intervals (Fig. 8 c) , the corresponding value in the absence of 7-azatryptophan being 11 yo (Fig. 6 4 . 7-Azatryptophan also inhibited N, fixation (data not shown), as in Anabaena cylindrica (Bothe & Eisbrenner, 1977) , and consequently also prevented akinete differentiation when added to cultures growing exponentially on N,.
In the presence of NO,-and 7-azatryptophan, akinetes appeared but in an abnormal pattern which resembled the altered heterocyst pattern; 30% developed at sites more than 15% from the centre of the interheterocyst intervals (Fig. 8 d) , compared with 15 yo in the absence of 7-azatryptophan (Fig. 6c) , and the number of akinete sites was increased from 40 to 66 per 1000 vegetative cells at the onset of differentiation. Structural changes during akinete diflerentiation. The first visible event in the production of akinetes was the accumulation of refractile bodies in one or several vegetative cells midway between heterocysts (Fig. 9a) . These stained positively for arginine by the Sakaguchi test (Fogg, 195 1) and corresponded to cyanophycin granules. Subsequently, cyanophycin accumulated in cells progressively closer to the heterocysts, producing chains of granular cells (Fig. 9b) , and often cccurred in dividing cells (Fig. 9 c) . Cyanophycin-containing cells then enlarged, extracellular envelopes were produced and the wall became greatly thickened (see also Wildon & Mercer, 1963; Miller & Lang, 1968; Jensen & Clark, 1969) .
The first stage in envelope formation was the appearance of a loose fibrillar material which developed first around the equatorial region of the cells and later at the poles (Fig. 9f) . This process commenced in the central cell of the chain of immature akinetes, and subsequently occurred in the cells on either side. Completion of envelope formation resulted in filament fragmentation, but akinetes continued to be produced in the broken filaments and a gradient of maturity resulted with the more mature akinetes at the ends (Fig. 9f) .
Soon after deposition of the loose fibrillar material, it became separated from the cell wall by an electron-translucent area of variable thickness (Fig. lob) . A third layer, uniformly thick and composed of moderately electron-dense material, then formed between the fibrillar and electron-translucent layers (Fig. 1Oc ). This had a more ordered appearance than the IP: 54.70.40.11
On: Fri, 11 Jan 2019 11:30:52 Akinete diflerentiation 283 fibrillar layer which, at this stage, became thinner, more electron-dense and unevenly distributed (Fig. 10 c, d) . The electron-translucent area became more pronounced and superficially resembled that of the heterocyst (Fig. 9c, d, e) . However, its appearance was not altered by fixation with either potassium permanganate, glutaraldehyde/dimethyl sulphoxide, paraformaldehyde or acrolein ; neither did it show any electron density after a variety of staining techniques. During envelope formation the intermediate layer of the cell wall became less electron-dense and increased in thickness from approximately 10 to 70 nm (Fig. 10e to h) , causing the total thickness of the wall to increase from approximately 50 to 110 nm.
The polyglucoside, polyhedral and lipid body content of the cells did not change visibly during akinete differentiation. Polyphosphate bodies were rare in mature akinetes, although they were commonly present in vegetative cells during akinete differentiation (Fig. 9 c, d) .
Resistance of akinetes to extreme conditions. On storage at 4 "C in the dark for 15 months, 95% of the akinetes germinated when transferred to normal growth conditions, while over 90% of the vegetative cells became inviable within 7 d at this temperature. Approximately 45 yo of the akinetes survived freezing at -20 "C where all vegetative cells were killed, and 22 yo survived two cycles of freezing and thawing. Akinete germination was also observed at high, but variable, frequencies (45 to 80 yo) following desiccation for 6 months.
In contrast, akinetes were sensitive to high temperatures. The maximum temperature permitting growth of vegetative cells was 41 "C; akinete viability was reduced to less than 5 yo following 10 min incubation at 45 "C.
D I S C U S S I O N
Nostoc 7524 produced two differentiated cell types, heterocysts and akinetes. Their development was temporally separated, heterocysts being produced only during exponential growth and akinetes appearing only during the linear (post-exponential) phase of growth. Akinete differentiation was well synchronized only in cultures which were stirred to maintain a homogeneous suspension. In unstirred cultures differentiation was asynchronous and occurred in some filaments at an early stage of growth; such filaments were contained in large aggregates of material and were light-limited. This illustrates both the importance of maintaining homogeneous suspensions in these studies and the difficulties which may be encountered with organisms which normally grow in aggregates.
The transition from exponential to linear growth was caused by limitation of energy rather than of inorganic nutrients, since exponential growth and heterocyst differentiation were prolonged, and akinete differentiation was delayed until a higher culture density was reached, by increasing the light intensity or by the addition of a utilizable carbon source (sucrose). Energy limitation appeared to be the only major factor involved in the induction of akinete differentiation. Unlike Anabaena cylindrica (Wolk, 1969 , phosphate deprivation did not induce differentiation in Nostoc 7524 ; indeed, differentiation occurred even in the presence of excess phosphate when light became limiting. Sodium chloride (Canabaeus, 1929 ), glutamate (Demeter, 1956 ) and glucuronate (Wolk, 1969 , which stimulated akinete differentiation in other cyanobacteria, had no effect on Nostoc 7524 and, unlike Cylindrospermum licheniforme (Fischer & Wolk, 1976) , akinete-containing cultures of Nostoc 7524 did not appear to produce an extracellular compound which induced akinete differentiation in younger cultures. Although nitrogenase activity declined at the end of exponential growth, nitrogen limitation did not appear to be involved in the induction of differentiation since a continued supply of nitrogen was required and, in contrast to A. doliolum (Singh & Srivastava, 1968) , the process was not inhibited by exogenous supplies of combined nitrogen.
Increased light intensity (Fig. 4) , and the addition of sources of combined nitrogen (Fig.  5) , caused akinete differentiation to occur sooner than in control cultures grown in N2 at 80001~. In the absence of data on growth rate, these results would be interpreted as a Akinete diflerentiation 285 stimulation of akinete formation. However, the only effect of these conditions was to increase the exponential growth rate of the culture; in all cases, akinetes developed in the post-exponential phase of growth when light became limiting. Under optimum growth conditions, akinete differentiation in Nostoc PCC 6720, Anabaena PCC 7108 and Cylindrospermum PCC 7417 was similarly observed only after the end of exponential growth (unpublished results). It is clear, therefore, that the time course of akinete differentiation relative to growth must be examined if the nutritional factors which influence differentiation are to be investigated. Only Fay (1969b) and Simon (1977a) have provided such data; in both cases, as in the present study, akinete differentiation in A. cylindrica occurred at the end of the exponential phase of growth, although the importance of light limitation was not examined. Akinete differentiation in five species of planktonic cyanobacteria in nature occurred only when light was limiting (Rother & Fay, 1977) . The same environmental trigger may therefore operate in all cases.
The most striking physiological features of akinete differentiation were accumulation of glycogen and cyanophycin, and increase in carbon content and dry weight at a rate which exceeded that of protein synthesis. Differentiation in A. cylindrica also involved increase in dry weight of the culture (Fay, 1969a; Simon, 1977a ) without:protein:synthesis (Simon, 1977a) . In contrast to A . cylindrica (Fay, 1969 a) the chlorophyll a content of the Nostoc 7524 akinete was higher than that of vegetative cells, while the phycocyanin content was unchanged. The ratio of RNA: DNA (19: 1 ) in the vegetative cells was slightly greater than that ( 1 3 : 1 ) in A . cylindrica (Simon, 1977b) , but the akinetes did not possess the increased RNA content characteristic of those of the latter organism (Simon, 19773) . In containing the same amount of DNA as vegetative cells the akinetes resembled those of A . cylindrica (Simon, 1977b) and differed from Cylindrospermum (Ueda & Sawada, 1972) . Their mean content of 9 . 4~ 10-14 g corresponded to 10 genome equivalents, since the genome molecular weight was 5.6 x 109 (Herdman et al., 1979) . Since the macromolecular composition of cyanobacteria varies with growth rate (Leach et al., 1971 ; Mann & Carr, 1974) , the values presented here are absolute only for the growth conditions employed.
As in other cyanobacteria (Fogg et al., 1973; Yamamoto, 1975) , akinetes of Nostoc 7524 serve a perennating role. Factors which contribute to their success include their high cyanophycin content which makes them independent of exogenous N, during germination (unpublished results), their release by filament breakage following envelope formation, and their resistance to both low temperature and desiccation. Like Azotobacter cysts (Sadoff et al., 1975 ) akinetes of Nostoc 7524 are sensitive to high temperatures and in this respect differ from bacterial endospores.
When heterocysts were absent (in cultures grown on NH,+) the akinete spatial pattern was irregular even at the onset of differentiation, with akinetes differentiating simulttaneously in random positions along the filament. Similar random patterns were observed in Nostoc 7524 mutants unable to produce heterocysts (unpublished results). Thus, in (e to h) Higher magnifications of (a to d ) respectively, showing that the increase in thickness of the cell wall during akinete maturation is due to the thickening of the intermediate wall layer (indicated) which also becomes progressively less electron-dense.
